Abstract
Introduction
Hepatocellular carcinoma (HCC) represents the second leading cause of cancer-related death worldwide [1] . Despite considerable effort devoted to the clinical and molecular classification of the tumor, HCC-related mortality still parallels its incidence, highlighting the limited success rate of currently available therapeutic options.
HCC frequently develops in a context of liver inflammation, which has been implicated in the carcinogenic process, and plentiful evidence supports a role for the antitumor immune response in the determination of HCC outcome. The density of tumor-infiltrating CD8+ T cells has been associated with patient survival [2] , and tumor-associated antigen (TAA)-specific cytotoxic T cells have been detected in 50-70% of HCC patients [3] . However, the immune landscape of HCC includes tolerance-inducing mechanisms that impair an effective antitumor response. Multiple factors have been implicated in immunomodulatory effects, such as immunoediting of TAAs, mechanisms of tumor immunoevasion, and secretion of immunosuppressive cytokines by the tumor, stromal, and infiltrating cells [4] . The ratio between infiltrating cytotoxic CD8+ T cells and T-regulatory (Treg) cells [5] and the expression of programmed death-ligand 1 (PD-L1) [6] were reported as independent prognostic factors for disease-free and overall survival.
The success of immune checkpoint inhibition in solid tumors has prompted its application in HCC [7] , but reliable biomarkers for prognosis and the identification of patients responsive to immunotherapies are still needed. In the attempt of treatment optimization, the expression of therapeutic targets such as PD-L1 has been tested, showing a low positive and negative predictive value [8] . A recent study has indicated that multigene immunosignatures might represent a more effective tool for the selection of candidates for treatment [9] .
In the present study, the immune gene expression profile was determined in HCC and surrounding tissues by direct hybridization of total RNA using the NanoString technology. This approach allows a global characterization of immune function and is particularly suitable for the appraisal of selected gene signatures potentially useful as biomarkers for prognostic classification and therapeutic stratification.
Subjects and Methods

Patients
The expression of genes related to the immune response was evaluated in 63 liver samples of HCC (T; n = 30) and nontumorous tissue (NT; n = 33) obtained from 38 patients undergoing surgical resection for HCC. Matched T and NT tissues, derived from the same patient, were available in 25 cases.
Diagnosis of HCC was made by computed tomography and by magnetic resonance imaging in selected cases. Serological markers of hepatitis B virus (HBV) and hepatitis C virus (HCV) were assessed for all patients, as well as anti-human immunodeficiency virus, which was negative for all cases. All patients were treated surgically and received the same postoperative care by the same team of surgeons. Postoperative follow-up was carried out every 4 months for the first 2 years, and every 6 months thereafter.
Risk factors were chronic HCV infection in 31 patients (2 with concomitant chronic alcohol use), chronic alcohol use in 5 patients, and chronic HBV infection in 2 patients. The following clinicopathological features of the patients were analyzed: gender, age, etiology of liver disease, number of tumor nodules, cumulative tumor size (sum of the main nodules' diameters), Ishak fibrosis stage, microvascular venous infiltration, and presence of lymphomononuclear infiltrate at histology. The median time to recurrence (TTR) was 27 months and the median survival was 99 months (Table 1) . Three patients were excluded from TTR analysis due to recurrence occurring during the first 3 months after surgery.
The study was approved by the local ethics committee (Comitato Etico Indipendente [IRB/IEC] dell'Azienda Ospedaliera di Parma, Parma, Italy), and the patients gave their written informed consent to participate in the study.
Gene Expression Analysis
The tissue samples were immediately frozen in liquid nitrogen and stored at -80 ° C. RNA was extracted using the Total RNA Purification Kit (Norgen Biotek Corp., Thorold, ON, Canada).
The immune gene expression profile was characterized with the nCounter ® GX Human Immunology v2 system (NanoString Technologies, Seattle, WA, USA), which relies on the direct hybridization of total RNA with fluorescent barcoded probes complementary to 579 immune response-related genes. To normalize the results, 6 positive controls at different concentrations and 8 negative controls are also provided. A commercial normal liver RNA sample (Ambion Thermo Fisher Scientific, Waltham, MA, USA) was also tested as a control in each experimental session.
The raw data were processed with the specific nSolver 2.6 software (NanoString Technologies). After subtracting background noise (calculated as the mean plus 2 SD of the negative control probes, excluding outliers), intra-/interassay variability was adjusted according to the signal of the positive control probes. The data were normalized against the ratio between the geometric mean of all positive controls and the geometric mean of the positive controls of each sample. The samples were then normalized for RNA content according to the relative expression of the housekeeping genes provided in the assay.
Validation of NanoString Results by Real-Time PCR Analysis
The NanoString results were confirmed by reverse transcription-real-time PCR (RT-PCR) on a subset of 51 RNA samples (HCC: n = 27; NT liver: n = 24) available for analysis. Random-primed first-strand cDNA was synthesized with SuperScript ® VILO TM MasterMix (Invitrogen TM ; Thermo Fisher Scientific, Waltham, MA, USA) and amplified in duplicate with TaqMan ® Gene-Expression Assays specific for 11 target genes selected among relevant checkpoint genes and potential key regulatory genes identified by bioinformatic analysis of the NanoString data. Human β-glucuronidase (GUSB) was selected among the NanoString housekeeping genes and amplified in duplex with each target to be used as a reference gene. A list of TaqMan assays and their identifiers is provided in online supplementary Table 1 (for all online suppl. material, see www. karger.com/doi/10.1159/000486764).
Amplification was carried out with TaqMan ® Gene Expression Master Mix (Applied Biosystems ® ; Thermo Fisher Scientific) on a Rotor Gene Q thermal cycler (Qiagen, Hilden, Germany). A cDNA synthesized from a commercial normal human liver RNA sample (Ambion; Thermo Fisher Scientific) was run in duplicate in each experiment to check for variability between runs. Target gene RNA amounts are expressed as 2 -ΔCt (ΔCt: difference between target gene and reference gene threshold cycle). Unsupervised hierarchical clustering was carried out by Spearman's rank correlation and complete linkage after median centering for both samples and genes, using TIGR MultiExperiment Viewer (MeV) 2.0. For comparative analysis of gene expression, data were analyzed by Mann-Whitney test after correcting p values for multiple testing using a Benjamini-Hochberg false discovery rate of 0.05 (q value). The q value of a test measures the proportion of false positives incurred (called the false discovery rate) when that particular test is called significant.
Statistical Analysis
For each gene, fold change (FC) was calculated as the ratio between the median expression levels of the gene in each tested group. An absolute difference in log 2 FC ≥1.5 was considered as biologically significant and was used to further select differentially expressed genes.
To assess the correlation between the NanoString and RT-PCR results of each target gene, log 2 -transformed NanoString normalized counts and relative RT-PCR 2 -ΔCt values were represented in a heat map for each sample, plotted in a similarity matrix by Pearson correlation, and then subjected to unsupervised hierarchical clustering according to Spearman's correlation by average linkage using Morpheus software (Broad Institute; https://software.broadinstitute.org/morpheus/). For each target gene, both NanoString and RT-PCR data were analyzed for statistical differences between each prognostic group (T1 vs. T2 and NT1 vs. NT2).
Differentially expressed genes with an absolute log 2 FC ≥|1.5| and q < 0.05 were uploaded into Ingenuity Pathway Analysis (Qiagen, Redwood City, CA, USA) for core analysis and identification of the most significant canonical pathways to categorize differentially expressed genes. A Benjamini-Hochberg-adjusted p value < 0.05 was used as a cutoff for significance. The z score (number of SDs from the mean) was used to determine the overall prediction of activation or inhibition by positive or negative values, respectively. Biological significance was ascribed to an activation/inhibition value of a z score > 2/<-2.
To improve the understanding of interactions between differentially expressed genes, protein-protein interaction (PPI) networks were generated with the STRING database version 10.5 (http://string-db.org/), an online resource for the assessment and integration of direct (physical) and indirect (functional) PPI [10] . The differentially expressed genes were mapped onto STRING and then visualized with Cytoscape version 3.5.1, an open-source platform for network analysis [11] . To increase the likelihood of detecting biologically meaningful, specific, and reproducible PPI, a combined score [10] (confidence score derived from 7 independent sources of evidence) ≥0.7 was set as a cutoff. The nodes (proteins) with the highest degree scores (numbers of neighbors) were considered as possible hub genes (proteins).
Results
Hierarchical Clustering of Immune Gene Expression
Unsupervised clustering of immune gene expression profiles showed an almost complete separation of T from NT tissues (Fig. 1 ). One hundred and one genes were differentially expressed between the T and NT samples. Fifteen genes were overexpressed and 86 genes were downregulated. Liver X receptor (LXR)/retinoic X receptor (RXR) activation and peroxisome proliferator-activated receptor (PPAR) signaling were predicted to be activated in T versus NT tissue, whereas p38 mitogen-activated protein kinase (MAPK) signaling, B-cell receptor signaling, phospholipase C signaling, and the role of nuclear factor of activated T cells (NFAT) in regulation of the immune response were predicted to be inhibited (Table 2) .
Prognostic Implication of Immune Gene Expression
Due to the differential immune gene expression profile of T and NT tissues, the possible prognostic relevance of the liver immune microenvironment was evaluated in T and NT samples separately. Unsupervised clustering of immune genes expressed in T samples detected two main clusters (T1 and T2) associated with patients' subsets having significantly different median TTR of 127 and 19 months, respectively (p = 0.0037), but no difference in overall survival (Fig. 2) .
To evaluate the impact of the immune gene expression profile on recurrence of HCC, the relationship between clinical variables and TTR was analyzed, showing that also alcohol consumption, anti-HCV status, presence of mononuclear infiltrate at histology, and microvascular invasion were significantly associated with TTR (Table 3) . It is interesting to note that the presence of tumor mononuclear cell infiltrate at histology had a positive correlation with TTR, consistent with the association between higher immune gene expression (cluster T1) and longer TTR (Fig. 2) . Multivariate survival analysis was carried out by Cox regression on all parameters significantly related to TTR by univariate statistical analysis, showing that only HCC immune gene expression profile (p = 0.006) and alcohol consumption (p = 0.018) were independently associated with TTR. Only pathways with z scores >2/<-2 are shown. LXR, liver X receptor; RXR, retinoic X receptor; MAPK, mitogen-activated protein kinase; PPAR, peroxisome proliferator-activated receptor; NFAT, nuclear factor of activated T cells.
Overall survival was only associated with alcohol consumption (p = 0.04; HR 0.36; 95% CI 0.13-0.97) and anti-HCV status (p = 0.04; HR 2.83; 95% CI 1.05-7.67). Neither of these variables was independently related to overall survival in multivariate statistical analysis (data not shown).
We then analyzed in detail the characteristics of immune gene clusters T1 and T2. Of 199 differentially expressed genes, only 2 were overexpressed in T2 (worse prognosis): RARrelated orphan receptor C (RORC), regulating the differentiation of thymocytes into Th17 cells [12] , and complement component 4-binding protein alpha (C4BPA), which controls activation of the complement cascade through the classic pathway [13] .
The most significant pathways predicted to be inhibited in tumors with earlier recurrence and with z scores <-2 (Table 4) suggest a relationship between impaired immune cell activation and shorter TTR. Only patients with tumor (T) tissue available for analysis were considered. Patients with recurrence during the first 3 months after treatment (n = 2) were excluded from the analysis. TTR, time to recurrence; HCC, hepatocellular carcinoma; M, male; F, female; HBsAg, hepatitis B surface antigen; HCV, hepatitis C virus. Only pathways with z scores >2/<-2 are shown. TREM1, triggering receptor expressed on myeloid cells 1; NFAT, nuclear factor of activated T cells; iCOS, inducible costimulatory; PKC, protein kinase C.
Similar to the pattern observed in HCC, the analysis of immune gene expression in NT tissues discriminated two clusters (NT1 and NT2) corresponding to subsets of patients with median TTR of 68 and 22 months, respectively (p = 0.044), whereas no relationship to overall survival was present (Fig. 3) . Univariate analysis showed that alcohol consumption and anti-HCV status were also associated with TTR. Multivariate Cox regression analysis identified alcohol use as the only variable independently related to TTR in the subset with NT samples available for analysis (Table 5) .
Of 21 genes differentially expressed between the samples included in clusters NT1 and NT2, all were overexpressed in cluster NT2, related to shorter TTR. Only the high-mobility group box 1 (HMGB1) signaling pathway showed a trend towards activation in cluster NT2 (q = 0.0001; z score = 2) (data not shown).
To evaluate whether clinicopathological characteristics might be responsible for the differing prognosis of patients, we performed a statistical analysis, without finding any signif- icant difference between the patients included in the immune gene clusters, despite a higher frequency of HCV infection and of microvascular invasion in clusters T2 and NT2, related to worse prognosis (see online suppl. Table 2 ).
Characterization of Immune Genes and Cell Types Related to Prognosis
The expression of key checkpoint genes and their ligands was evaluated in view of their relevance as therapeutic targets. The PDL1, PDCD1, and CD40LG genes were expressed at a low level both in T and NT tissues. Significant upregulation of CTLA4, HAVCR2 (encoding TIM3), CD40LG, LAG3, and TIGIT was detected in cluster T1 compared to T2. CTLA4 was also upregulated in cluster NT2 compared to NT1, and LAG3 in NT compared to T (see online suppl. Fig. 1 ).
In the attempt of defining the abundance and the functional profile of immune cell populations represented in liver tissue infiltrate, we took advantage of previous work identifying cell-specific gene expression profiles consistent with flow cytometry and immunohistochemical staining [14, 15] . Overall, based on gene expression analysis, the large majority of cell types were predicted to be more represented in NT tissues than in HCC. The only exceptions were dendritic cells (DCs) (generic markers) and the Th17-Treg subsets, the latter being specifically overrepresented in the T2 subgroup, characterized by worse prognosis. Other cell types including DCs and cells of myeloid and lymphoid origin were more frequent in the T1 cluster associated with longer TTR, where cytotoxic cells were especially enriched (Fig. 4) . In contrast to HCC tissue, in NT tissue, all cell types, including both activated and exhausted phenotypes, were predicted to be more represented in the NT2 subset, characterized by worse prognosis. To gain insight into the key genes implicated in the different immune landscapes leading to recurrence in T and NT tissues, PPI networks were generated from the genes differentially expressed between the T2 and T1 or NT2 and NT1 subsets ( Fig. 5 ; online suppl. Table 3) . IL-10, lymphocyte-specific protein tyrosine kinase (LCK), FYN, and spleen-associated tyrosine kinase (SYK) were identified as hub genes in the T2 versus T1 comparison, whereas IL-8 and C-C motif chemokine ligand 2 (CCL2) showed the highest degree score in the NT2 versus NT1 comparison (Fig. 5) . The network derived from the genes differentially expressed in both comparisons showed that CCL2 is a potential hub gene likely driving opposite regulation of common genes in HCC and surrounding tissue (Fig. 5c) .
The results obtained by NanoString for selected checkpoint genes and for potential key regulatory genes identified in this study were confirmed by RT-PCR. The checkpoint genes and genes deregulated both in tumors and in surrounding tissues (CCL2 and IL-8) were tested in all available samples, whereas the analysis of genes differentially expressed only in HCC (including IL-10, SYK, and LCK, identified as major hub genes in the PPI network; TLR2 and TLR4, part of the PPI network and expressed by DCs, differentially distributed between T1 and T2) was restricted to tumor samples. Each method yielded very similar results for all target genes (Fig. 6 ).
Discussion
The liver immune milieu is considered one of the main determinants of HCC progression, and immunotherapeutic approaches have gained attention as promising strategies for advanced tumors. However, the molecular background of the immune reaction against HCC is not yet completely understood, and biomarkers predictive of the response to immune therapies are still lacking. A better knowledge of the HCC immune environment could offer clues to the identification of those molecules that drive the impaired antitumor response, thus representing attractive potential therapeutic targets for functional rescue. Only patients with NT tissue available for analysis were considered. Patients with recurrence during the first 3 months from treatment (n = 3) were excluded from the analysis. TTR, time to recurrence; HCC, hepatocellular carcinoma; M, male; F, female; HBsAg, hepatitis B surface antigen; HCV, hepatitis C virus.
The analysis of immune gene expression in HCC tissue showed an overall downregulation compared to its nontumorous counterpart. Pathway analysis indicated an activation of signaling through LXR and its dimerization partner RXR, acting in concert with PPAR signaling to suppress an inflammatory response [16] . In addition, several interconnected pathways including p38 MAPK, B cell receptor, phospholipase C, and NFAT signaling were predicted to be inhibited, further supporting a generalized downregulation of the inflammatory response, together with impairment of T-and B-cell receptor signaling and of the proliferation and differentiation of immune cells, in HCC compared to nontumorous liver tissue. The p38 MAPK pathway is involved in the synthesis of proinflammatory cytokines and in immune cell proliferation and differentiation [17] , and NFAT is a major DNA-binding factor and transcriptional regulator in T cells [18] . A key event in the activation of NFAT is a rise in intracellular calcium concentration initiated by cell surface receptors that stimulate the activation of phospholipase C. In response to T-cell stimulation, the NFAT signaling pathway regulates the functions of cells of the innate and adaptive immune system, being expressed in T and B cells, natural killer (NK) cells, monocytes, and non-immune cells. Altogether, the results of the pathway analysis are consistent with a profound inhibition of both the innate and the adaptive immune response in HCC compared to NT tissue. These results are in line with a recent report describing an immunosuppressive gradient between the nontumorous and the tumor microenvironment, which is characterized by progressively more exhausted immune subsets [19] . Unsupervised clustering of immune gene profiles identified two subgroups of HCC characterized by significantly different TTR, supporting the impact of an impaired immune environment on the TTR. The results indicate a relationship between earlier recurrence and the predicted inhibition of several strictly interconnected pathways governing the regulation of T-cell function -in particular, of T helper cells -from antigen presentation to the intracellular transduction of activating signals [20] . This peculiar immune landscape was identified as the most significant independent predictor of recurrence. Although we did not detect any significant relationship between immune gene cluster and HCC etiology, we observed a trend towards a higher frequency of HCV infection in the unfavorable clusters T2 and NT2. Therefore, we cannot exclude that the tumor immune landscape predictive of a shorter TTR may be more frequently observed during the course of chronic HCV infection. A history of alcohol consumption was another independent predictor of longer TTR. A previous study showed that non-B, non-C HCC, associated with alcohol consumption in 30% of cases, was characterized by higher rates of post-resection 5-year recurrence-free survival when compared to HBV-or HCV-linked HCC [21] , further suggesting that viral infections may support an intrahepatic microenvironment more favorable for tumor recurrence. It is also worth noting that in the present series, patients with a history of alcohol consumption were significantly younger (about 10 years on average) than patients with viral infections (data not shown).
A distinct profile of immune gene expression in nontumorous liver tissue was associated with a different TTR, without being an independent predictor of TTR. Shorter TTR was related to upregulation of inflammatory gene expression, consistent with activation of the HMGB1 signaling pathway, which has been involved in chemotaxis, activation of innate immune cells, and proinflammatory cytokine secretion [22] . Therefore, an inflammatory environment in nontumorous liver tissue appears to promote tumor progression, different from what was observed in HCC tissue. However, this inflammatory profile was not an independent predictor of recurrence in this cohort of patients, possibly because of the different etiologies that are likely to influence the immune environment of nontumorous liver tissue.
Previous reports have identified immune-related gene signatures in HCC and/or the surrounding liver by microarray profiling [23] [24] [25] [26] [27] [28] . In HCC tissue, an interferon (IFN)-related molecular subclass has been associated with increased leukocyte infiltration and tumor apoptosis [23] and with smaller tumor size [25] . Similar to our results, screening of candidate immune response-related genes showed a lower expression in HCC compared to nontumorous liver tissue and a positive association between the expression of inflammatory genes in tumorous tissue and survival [29] . An immune gene profile predictive of patient survival included the chemokine genes CXCL10, CCL5, and CCL2, whose expression correlated with tumor infiltration by CD8+ T cells, NK cells, and Th1 cells [29, 30] . Sia et al. [28] identified markers of inflammatory response in about 25% of HCCs with evidence of two distinct immune subtypes, characterized by a prevalent adaptive T-cell response and an exhausted immune response, respectively. Interestingly, the patients with an active immune response showed a longer median TTR, consistent with the results of the present study.
Immune gene expression in nontumorous tissue has been related to HCC prognosis [24, 27] . A gene signature associated with shorter survival contained gene sets involved in inflammation, IFN and tumor necrosis factor-α signaling, and activation of NF-κB [27] . The expression profile derived from nontumorous liver tissue was mostly related to late recurrence occurring more than 2 years after surgery, possibly including the development of de novo tumors arising in cirrhotic tissue [27] . In a recent study, the immune-enriched gene expression signature of nontumorous liver tissue did not reflect the profile of matched tumors, and was associated with shorter survival [28] . Our results are in line with these observations and with our previous study [31] , supporting the view that an inflammatory milieu in surrounding liver tissue is related to worse prognosis.
The complexity of liver infiltrate was further investigated by the relative expression of cell-and function-specific genes. It is worth noting that markers specific for myeloid and lymphoid cells were coexpressed in the same prognostic subsets both in HCC and in NT tissues, suggesting that tissue infiltrate varied in abundance rather than in the relative prevalence of different cell types. We showed that the concurrent expression of genes correlated to cytotoxic activity and inhibitory checkpoint genes in cluster T1, characterized by longer TTR. This observation is consistent with the enhanced expression of inhibitory receptors on TAA-specific lymphocytes infiltrating HCC [32] and other tumors [33] . In this context, the upregulation of inhibitory receptors may represent a regulatory mechanism aimed at preventing overactivation of the antitumor immune response [32] . These observations are of major interest, since gene signatures characterized by Th1 and cytotoxic CD8+ T cell response, as well as by inhibitory mechanisms, have been identified as predictive of the response to checkpoint inhibitors [9] . It is worth noting that by contrast, the only cell populations prevalent in the T2 cluster with worse prognosis were the Th17 and Treg subsets, already associated with worse prognosis in HCC and other tumors [5, 14] .
To better analyze the distinct molecular mechanisms underlying tumor recurrence in T and NT liver tissue, a PPI network was generated. Since multiple interactions are suggestive of a central regulatory role, the genes/proteins with the highest degree of connectivity in the network are identified as hubs and expected to drive essential functions [34, 35] .
The network analysis of genes differentially expressed between tumors of patients with different TTR highlighted IL-10 as a potential hub gene, a monocyte-secreted cytokine playing a multifaceted role in the regulation of the immune system. Apart from a cytokine-inhibitory function [36] , IL-10 has shown a stimulating capacity on CD8+ T-cell and NK-cell cytotoxic activity [37] . In particular, IL-10 plays an immunostimulatory role in the oncological context. Recombinant IL-10 treatment inhibits metastatic dissemination in mice [38, 39] and PEGylated recombinant murine IL-10 has been shown to induce IFN-γ-and CD8+ T-cell-dependent antitumor immunity [40] .
The expression of other predicted hub genes (LCK, SYK, and FYN) involved in immune receptor signaling was downregulated in tumors with a shorter TTR. LCK and FYN are critical elements in T-cell receptor signaling, implicated in T-cell development and differentiation [41] . Moreover, recent results have shown that besides T-cell receptor, Toll-like receptor (TLR) engagement is also involved in T-cell activation by LCK and FYN [42] . SYK is involved in downstream signaling by multiple receptors of the immune system, altogether being a modulator of tumorigenesis either as a tumor promoter or as a tumor suppressor [43] . SYK methylation and loss of SYK protein expression were identified as independent predictors of shorter overall survival in patients with HCC [44] .
IL-8 and CCL2 were identified as hub genes in the network derived from genes differentially expressed among NT areas associated with different TTR. IL-8 is secreted by both tumor cells and tumor-associated macrophages, and is involved in neoangiogenesis and metastatic dissemination [45] . In HCC, IL-8 expression has been correlated with clinicopathological features and prognosis [46] and implicated in tumor invasion and metastasis [47] . The role of CCL2 expression within HCC is controversial: it has been associated not only with loss of tumor encapsulation, microvascular invasion, higher TNM stage, shorter overall survival, and higher recurrence rates [47, 48] , but also with intratumoral infiltration of Th1, CD8+, and NK cells and with good prognosis [29, 30] . In the present study, individual CCL2 expression was not related to tumor recurrence. However, both CCL2 and IL-8 were part of the gene panel differentially expressed between tissues related to different TTR, with opposite significance of overexpression in tumor and nontumorous tissues. The relevance of CCL2 and IL-8 as central elements in the liver immune environment is further supported by their identification as hub genes/proteins in the network derived from differentially expressed genes common to HCC and surrounding liver tissue.
Recent studies showed that CCL2 is secreted from oncogene-induced senescent hepatocytes to recruit CCR2+ immature myeloid cells that clear premalignant senescent cells [49, 50] but promote growth of established HCC through inhibition of antitumor T and NK cells [48, 49] . CCL2 can also be produced by resident liver cells as hepatic stellate cells, which have been shown to generate a recurrence-favorable environment by facilitating HCC cell migration upon interaction with monocytes [51] . In a murine model of HCC, targeting of CCL2/CCR2 interaction was shown to suppress tumor growth and dissemination, preventing postsurgical recurrence. CCR2 blockade reduced monocyte recruitment and M2 polarization, increasing the number of tumor-infiltrating cytotoxic CD8+ lymphocytes [43] . Therefore, monocyte/ macrophage infiltration is likely to play a dual role in liver carcinogenesis by providing a tumor-prone inflammatory liver environment and suppressing the antitumor immune response [52] .
In the present study, the immune landscape of tumor and surrounding tissue was shown to have an impact on tumor recurrence without any significant influence on the overall survival of patients. The survival of patients with HCC is strongly influenced by factors related to the residual liver function and to decompensation of the underlying liver cirrhosis [53] . In addition, the development of new HCC foci with a dissemination potential and immunogenicity different from that of the primary tumor cannot be excluded and may play a role in the subsequent evolution of the disease. It is therefore likely that a favorable immune profile may primarily influence tumor recurrence, without any direct relationship to overall survival.
Despite the huge amount of data already available on the subject, the present report adds new important elements to the characterization of the immune microenvironment of HCC and of its clinical implication. The immune gene-targeted expression profiles offer insight into the infiltrating cell types and the biological mechanisms active in HCC tissue and in the surrounding liver. Our results support the existence of two distinct immunological mechanisms operating in HCC and surrounding cirrhotic tissues. Earlier recurrence was related to a prevalent impairment of T-cell effector function in HCC tissue, and to the presence of an inflammatory milieu in nontumorous liver tissue. The identification of possible molecular drivers of these immune landscapes may be useful for the development of novel prognostic biomarkers and offer clues to therapeutic intervention.
